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In recent years, frontal polymerisation has found a growing interest in many applications. Thus, its ability
to cure thick samples with different fillers up to 50% by local application of a reasonable portion of
energy makes this polymerisation approach very promising. It can find many applications in materials
science and industry as well as in the preparation of 3D structures. Herein, we present recent achieve-
ments in the field of frontal photopolymerisation and phototriggered frontal thermal polymerisation. A
light application allows full control of the curing process. The combination of frontal polymerisation and
light curing provides a convenient and versatile method to trigger frontal polymerisation, especially in
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heat sensitive materials or dentistry applications. Moreover, in this review, we focused on the photoinitiat-
ing systems in frontal polymerisation, their mechanism of action, components, and applications, dividing
them according to the type of polymerisation: free-radical polymerisation, ring-opening cationic poly-

rsc.li/polymers merisation and other minor types.
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Introduction

The idea of the autocatalytic propagating thermal front was
used for the first time in 1967 by Merzhanov and
Borovinskaya. They called it self-propagating high-temperature
synthesis and used it to prepare ceramics and intermetallic
compounds.’ In the polymerisation area, this phenomenon
was first used in 1972 by the Chechilo team to obtain poly-
methyl methacrylate.”

Nowadays, the definition created by Pojman is employed to
describe frontal polymerisation. He states that frontal poly-
merisation (FP) is a process that occurs directionally in a loca-
lised reaction zone.*

The initial approach to FP was the thermal approach (TFP).
Generally, in TFP, the process’s driving force is the heat gener-
ated during a polymer chain propagating after a thermal
initiator’s initial cleavage. From a theoretical point of view,
TFP can be started by any process that increases the initiation
volume temperature.” Therefore, TFP is the most commonly
studied method. To conduct TFP, the system, where the reac-
tion is exothermic, is needed. The system must have a low rate
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at the initial temperature (no reaction or very slowly reaction at
room temperature) and have a significant heat release and
high energy activation.® Despite its many advantages, it
quickly became apparent that TFP also had many disadvan-
tages. The initial heat must provide enough energy to create
the appropriate number of radicals, which can continue the
process because of the process’s exothermic character and the
autocatalytic effects (Trommsdorff effect and Arrhenius depen-
dence); the control of the TFP process is complex.’

Drawbacks of TFP have forced the search for new
approaches. Potentially controllable in time and conversion
rate method is frontal photopolymerisation (FPP).> By swap-
ping a thermal initiator with a photoinitiator system ignited
with UV light is obtained.® Consequently, light absorption
leads the monomer to polymer conversion, and the rate and
degree of conversion depend on the given light intensity. FPP
method also allows for greater depth of conversion. The other
advantage is the possibility to use fluorescent probes which
not only allow to monitor systems”*® but also sometimes accel-
erate the reaction.”’® On the other hand, it has many disad-
vantages too.'' First of all, comparing to TFP, where after
process ignition it is autocatalytic, in FPP the continuous
exposure of the reaction mixture to light radiation is needed."*
Moreover, to obtain a good curing depth, photoinitiators with
characteristic “bleaching” properties have to be used."?

A new approach was created by combining the above
method, where both thermal and photoinitiators are entered
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into the system. The cleavage of photoinitiators under UV radi-
ation leads to chain propagation which exothermic effect con-
tributes to thermal initiator cleavage, and the process is auto-
accelerated and controllable in some aspects.*

The method described above has different advantages and
has individual applications. FPP, driven by continuous
exposure of energy and potentially controllable parameters,
has found a place in areas where it is necessary to obtain, e.g.,
thin layers.’

Radical frontal polymerisation

The radical approach to frontal polymerisation has many
advantages. The main driving forces behind such polymeris-
ation are two phenomena found in the use of free-radical
systems. They are the Trommsdorff effect and thermal autoca-
talysis.’® The first of them says that the polymerisation rate
increases with the degree of monomer conversion, resulting
from the increase in the system’s density during the process
itself, and thus the possibility of contact between two macrora-
dicals and completion of the reaction is difficult."* The second
effect is the spontaneous fuelling of the polymerisation
process resulting from chain propagation’s exothermic nature
based on the Arrhenius dependence of the initiator
decomposition.”

In the case of conventional polymerisation processes, these
phenomena usually do not bring any benefits and may even
lead to changes in the final product’s properties. However, the
situation is different in the case of frontal polymerisation,
where with local process initiation, it is auto-accelerated into
unreacted regions due to a combination of these two effects."?

An additional advantage of radical frontal photopolymerisa-
tion (FPP) is the possibility of using UV-initiated multifunc-
tional monomers. Due to this approach, not only the amount
of energy used in the process are reduced, but also spatially
and time-controllable systems are obtained.'”> Free-radical
systems used for FPP will be described later in this paper.

The main mechanism of FPP is analogous to other types of
polymerisation and can be divided into three main steps
(Fig. 1).> In the initiation stage, the photoinitiator decomposes
under UV radiation, generating radicals that react with the
monomer to form a polymer network. Then the chain propa-
gates. The solid front formed closest to the light source begins
move toward to the uncross linked medium."®

Subsequent monomer molecules are connected by a
covalent bond. A characteristic thin interfacial area is created
between the monomer-rich liquid phase and the polymer-rich

Initiation:  / 2R*
Propagation: R+ M P,
Pn. +M P “net
Termination: P +P  * P, ¥ P, orP,.,

Fig. 1 Mechanism of free radical frontal photopolymerisation.
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Fig. 2 Polymer swelling during front propagation.

solid phase, which separates these two phases unequivocally.
As the solid front moves from the illuminated surface into the
bulk, the unreacted monomer can diffuse into the polymer
network. In that case, the polymer swells which can lead to
instability of the whole system (Fig. 2)."” During further poly-
merisation, the volume of the solution decreases, and the
volume of solid phase is shrinking. The layers above them
press the newly formed layers, and the next ones are formed
slower and slower due to the hindered flow of light radiation
until the polymerisation and recombination of radicals are
extinguished, which is the end of the process."®

To counteract this phenomenon, it is necessary to use
photobleaching initiators (Fig. 3). The absorption maximum of
such initiators is different from the absorption maximum of
their decay products, so light penetrates deeper, and a higher
depth of cure is obtainable. The most important thing is main-
taining the process’s parameters, such as photoinitiator type,
concentration, and solvent type, to obtain the most efficient
system.'” On the one hand, using a high concentration of
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Fig. 3 Photobleaching of initiator during FPP.
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photoinitiator will increase the radical formation, theoretically,
the polymerisation rate. However, on the other hand, the
system’s absorption will increase which will translate into
worse penetration into the solution. Selecting the photoinitia-
tors concentration in such a way as to maintain deep pene-
tration into the depth while simultaneously generating enough
radicals to create a homogeneous material is the key in the
frontal polymerisation approach.*®

The FPP operation principle is a bit different from the tra-
ditional thermally driven frontal polymerisation (TPF). In the
classical approach, the heated system undergoes autocatalytic
polymerisation which is the sum of the system’s thermal
effects.>?® In contrast, FPP is not fully autocatalytic. The solid
front is created after photocleavage of the photoinitiator, and
it is moved by continuous exposure to UV rays. Further poly-
merisation can be stopped simply by turning off the light, but
nothing prevents reactivating when the light source is
restarted.'™"® Due to these properties, nowadays, FPP is the
preferred method used in the fabrication process.">*°

It is important that the chain propagation process itself is
exothermic, so thermal effects can also occur in FPP. It has
been reported that the faster the initiation and polymerisation
process, the greater the temperature rise during FPP. This
translates into an even greater acceleration of the front to
move deeper into the solution. This effect is strongly active in
the first stages of the process, and it disappears when the
front crosses a certain critical point at which UV radiation
reaches, so the whole process slows down. However, it should
be remembered that while this effect may be beneficial, in a
controlled FPP, it may lead to a situation in which, after
switching off the radiation source, the polymerisation process
itself continues for a certain period, which is called “heat
rush”."

There is also an approach that combines the techniques of
thermal and photo radical frontal polymerisation.>*™>* In
thermal frontal polymerisation (TFP), after the initiation of the
system, there is almost no option to control the process.>?
Additionally, the thermal propagating front temperature can
rise to above 200 °C, leading to bubble creation or even a
“burnout” of the initiator.>® The bubbles appearing in the
reaction mixture can lead to a breakdown of the propagating
front and “burnout” of the initiator due to very low monomer
conversion.”” These drawbacks can be overcome with photo-
induced thermal frontal polymerisation systems. Two types of
initiators are introduced into the system - photo and thermal
initiator. Upon exposure of the sample to light, the photo-
induced initiator cleaves and starts the polymerisation
process. The heat created during photo-induced polymeris-
ation leads to the thermal initiator’s cleavage, radicals are
created, and the process accelerates. When the light source is
turned off, the polymerisation process stops. The rate of poly-
merisation can also be controlled by changes in light
intensity.””

There are publications in the literature focusing on approxi-
mating the kinetic basis of the phenomena occurring during
the FPP techniques described above.'®*7

This journal is © The Royal Society of Chemistry 2021
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Initiators of radical frontal photopolymerisation

When choosing an initiator for FPP, it is necessary to pay
attention to several important aspects. First, the appropriate
type of initiator for the initiating system is needed. The
initiator must absorb to the extent that the light from the
source is emitted while exhibiting photobleaching ability in
order not to cover the light rays at the depth so that the solid
front can propagate further.

The selection of the photoinitiator concentration also plays
a key role. The chosen concentration must allow deep pene-
tration of the light radiation; simultaneously, it must function
efficiently, creating a sufficient number of radicals.'> Based on
the above properties, mainly five groups of initiators are used
in FPP (Fig. 4). This group contains azo initiators,>” peroxide
initiators,>**” sulphide initiators,*® redox initiators,*® and
phosphonium based initiators.?”

Of the above, redox initiators are characterised by the
lowest activation energy, allowing for the creation of radicals
in a reasonable time.>* Use of redox initiators, compared to
others, allows achieving a faster induction time and lower
front temperature, but their applications are limited.”*
Commonly used in practical applications are initiators of per-
oxide and azo groups. Their main disadvantage is that during
their cleavage, gaseous products are created. In open and
stirred reactors, they do not show any adverse effects caused by
the appearance of bubbles or the polymerisation front’s reces-
sion, thus not affecting the physical and chemical properties
of the obtained product. However, there are many FPP systems
where the reactive monomer mixture cannot be stirred. In this
case, too many bubbles deteriorate the mechanical resistance
of the product. Therefore, the use of phosphine-based
initiators has allowed this barrier to be overcome using such
methods.*”

Acrylate systems in radical frontal photopolymerisation

Acrylate systems are deeply investigated because of their poten-
tial use as hydrogels. The first paper describing frontal poly-
merisation was based on the polymerisation of poly(methyl
methacrylate).”> Washington and Steinbock proposed a mecha-
nism to prepare poly(N-isopropylacrylamide).* Investigation of
the mechanism of frontal polymerisation of hydrogels from a
poly(acrylic acid),*"**> polyacrylamide,*® and others*>?®**
was also presented.

Due to its chemical structure, monomers from acrylate
species (Fig. 5) have found an application, especially in creat-
ing thick layers. The conversion of acrylate monomers into
polymers is exothermic. It induces a self-propagating process
of a solid polymer network, which penetrates deeply into the
reaction mixture. At the same time, the polymer and liquid
monomer are visibly separated.*

In the FPP of acrylate, the main problem is bubbling.
Acrylates usually have a high boiling point that helps prevent
bubble formation, but they are sensitive to oxygen which
quenches the induced photoinitiator radical and deactivates it.
Peroxyl radicals may also be created by the reaction of oxygen

Polym. Chem., 2021,12, 4593-4612 | 4595
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Fig. 5 Examples of acrylate monomers used in FP.

and free radicals. These new radicals are less reactive and
cannot initiate polymerisation, so the conversion is smaller.
Besides the solvent boiling, initiator decomposition can also
lead to the formation of bubbles.*® To avoid this phenom-
enon, the reaction must be conducted under pressure,"*"
avoiding oxygen in the system or using a special blowing
agent.”®

Many acrylates have a different function group (e.g,
N-methylolacrylamide). After the initiation step, some of this
group has the ability to self-condensation or even react with
groups from other polymers.*' Crosslinking can lead to achiev-
ing a product with properties unusual for “mono systems”,
e.g., increased tensile strength, impact resistance, abrasion re-
sistance, peel strength, solvent resistance and gloss.>
Acrylates also have a lower gel point compared to other
systems such as thiol-enes."’

Analysing the conversion process of acrylic systems shows
that the surface layer is almost completely reacted but then
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drops at some point, which may be due to that the propagation
reaction becomes diffusion controlled during the auto decel-
eration regime. Moreover, crosslinking could have a negative
impact on conversion because as the degree of crosslinking
increases, the mobility of the radicals decreases."® The creation
of bubbles could also play a crucial role during the process.
Several approaches allow eliminating this effect, such as high-
pressure polymerisation,’ solvent-free synthesis,** or carrying
out the reaction in an aqueous medium with the use of water-
soluble initiators.*>*

Thiol-ene systems in radical frontal photopolymerisation

Thiols are reacting with ene compounds giving polymers. This
process is based on a free radical step growth mechanism
(Fig. 6). In typical free-radical systems, radicals formed after
cleavage react with oxygen, which is dissolved in the monomer
formulation, or with oxygen that is diffused into the system
during polymerisation. This process is very efficient, the

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Mechanism of thiol-ene polymerisation.

affinity of radicals for oxygen is much greater than for propa-
gation, what strongly inhibits the conversation of the
monomer. Due to the unique propagation mechanism, thiol-
ene systems are much more resistant to the influence of
oxygen. Reacting radicals in contact with oxygen create peroxyl
radicals that induce hydrogen from the thiol group, a thiol
radical is formed, and the polymerisation is continued
(Fig. scavenging).>*

Thiol-ene system was used for the first time in frontal poly-
merisation by the Pojman team.” Two thiol-ene systems were
examined: dithiol with triallyl ether and trithiol with diacry-
late. Based on the research, it was found that the properties of
the propagating front depend not only on the initiator and
monomer concentrations but also on the ratio of the
monomer components.”’ Besides Pojman, there are also
others reports of thiol-ene FPP systems.'>™7:37>9

The advantage of thiol-ene systems lies in rapid polymeris-
ation with minimal oxygen inhibition. In addition, the depth
of cure is larger than for acrylic monomers.>> Moreover, the
shrinkage and shrinking stress are smaller."® Polymerisation
with thiol-ene monomers can proceed without photoinitiator
molecules. Thiols polymerise vinyl systems to obtain products
with unique properties - longer lifetime caused by higher sun-
light resistance (because photosensitive molecules are absent)
and no yellowing phenomenon of the polymer caused by the
degradation of initiator molecules.?”

Thiol monomers can be used in acrylate systems. The
addition of thiol comonomer allows the polymerisation’s
control to start delay time and lower the front’s temperature.
The thiol lower the time needed to initiate the process. Due to
thiols, polymerisation of highly filled acrylate systems that are
otherwise very sensitive to such high concentration of oxygen
is possible. FPP of highly filled systems is needed to obtain a
polymer with enhanced mechanical properties. The main dis-
advantage of thiol-acrylate systems is a decrease in the front
initiation rate with an increase in the concentration of thiol
monomers, up to a specific critical value in which initiation

This journal is © The Royal Society of Chemistry 2021
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does not occur at all. The reason is that the less exothermic
thiol-acrylate copolymerisation process is much slower than
the homopolymerisation of acrylate. In addition, besides of a
faster initiation step, with too much thiol addition, the propa-
gation may be slower. Therefore, these systems have not found
application in highly bubbling systems.>®

Application of radical frontal photopolymerisation

Frontal photopolymerisation has found wide application in

many areas. It is wused in lithography,®®*® rapid
prototyping,®®®" dentistry,”> biomedicine,®® coatings®® and
24,65-67

many others. Pojman company using frontal polymeris-
ation to obtain different materials such as clay for modelling
application or “woodFiller” and putty as repair materials.®®

From an interesting point of view, tissue engineering seems
like the perfect place to use polymers created by FPP, especially
acrylate systems. One idea of tissue engineering is to seek a
material that could replace or restore damaged or diseased
tissues. This material needs to be biocompatible, bio-
degradable, and meet bifunctional requirements. At the same
time, it must have good mechanical properties.®® FPP is the
perfect solution for these needs. During the process, thick,
multilayer hydrogels can be created. Many acryls which have
confirmed nontoxic properties are very popular in use as bio-
materials. They minimalize protein adsorption, having high
mechanical and biological resistance, and low hysteresis.**
FPP can quickly prepare uniform materials and vary hydrogels’
morphology in a controlled manner.®*

Other interesting application is forming materials with
wrinkled patterns on the surface. Two-stage polymerisation is
necessary to make such a polymer. In the first step, an elasto-
mer is synthesized, for example, using a stoichiometric imbal-
ance of tetra-thiol and diacrylate monomers with an excess of
acrylate. Next, the material is once again exposure to UV. The
polymerization front advance, cross-link density increases, and
the compressive stresses occurring in the process lead to
forming a wrinkling pattern.”” One-pot approach is also pre-

Polym. Chem., 2021,12, 4593-4612 | 4597
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sented in literature. Crosby and Chandra formed UV-curable
composites with an uncured liquid layer, and then, induced by
oxygen inhibition, photo frontal polymerisation was con-
ducted. In this case, swelling of the uncured liquid layer
occurred and a wrinkling pattern was formed.”* This phenom-
enon can be used in many ways, but the most important is the
use of special photomasks to selectively create wrinkled and
unwrinkled patterns on the surface, which allows to create
inscriptions and other designed shapes.”®

FPP can be used for obtaining three-dimensional (3D)
origami structures.'®?””>”® The mechanism of creating 3D
structures from photosensitive polymers is based on photopo-
lymerisation-induced volume shrinking (Fig. 7). Light
irradiation of the initiator monomer system leads to a photo-
polymerisation process. A solid front is created at the surface.
Covalent bonds are formed between monomers and cross-
linkers with the continuous illumination front propagate
which causes volume decrease. Essential is that in the FPP
process, the phenomenon of volume shrinking is nonuniform.
It proceeds as the front is moving into the depth of the system.
Volume shrinkage can be controlled and used to create
bending structures of the desired shape.””

Light gradient and the depth of its penetration can be con-
trolled by the addition of photo absorbers.'® To explain the
forming of 3D origami, we need to consider the reacting
system as layers laying one on another. The surface layer
affected by light will be cured immediately, but the layers that
are adjective remain in a liquid state, together with the front
propagating thickness of the polymer increases inwards.
During further polymerisation, the layers start shrinking from
external to internal, besides the first layer which is considered
stress-free because the interactions between the polymer first
layer and the substrate are not fully established initially. As a
result, the obtained system is nonuniform; compressive stress
works on layers near the surface and tensile stress on the
newly created. The opposing forces lead to the bending of the
resulting material. The degree and form of the bending
depend on the process’s conditions, so appropriate control
allows for obtaining various structures.”’” These phenomena

View Article Online
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are used, for example, in soft machines,”* artificial DNA struc-
tures,”> mechanical materials,”® sensors,”” and stretchable
electronics.”®

Ionic frontal photopolymerisation

Another commonly used type of photopolymerisation is ionic
polymerisation, especially cationic ring-opening polymeris-
ation of epoxides, oxetanes, and glycidyls.”” This polymeris-
ation type has found applications in areas such as protective
coatings, graphic arts, microelectronics, dental applications,
security inks, and 3D printing.*® The main advantage of ionic
photopolymerisation is its ability to continue even after the
light is turned off. This phenomenon is called dark curing.®'
Therefore, under certain conditions, ionic polymerisation may
be considered as living polymerisation.®”> Another crucial prop-
erty of such kind of polymerisation is exothermic chain
elongation. The heat generated during the ring-opening
process is able to sustain polymerisation. It can manifest as
self-propagation of the front.*?

Cationic photopolymerisation. The most commonly used
type of ionic photopolymerisation is the cationic one.** In this
type of photopolymerisation, monomers such as epoxides, oxe-
tanes, and glycidyls are cured in the presence of photoinitia-
tors, which act as photoacid generators. Most of the used
photoinitiators are based on onium salts,* especially the
highest efficient iodonium®® and sulfonium salts.®” Examples
of photoinitiating onium salts are shown in Fig. 8.5% These
compounds consist of the anion part responsible for the type
and strength of the acid released and the cation part respon-
sible, inter alia, for the compound’s absorption properties and
thermal stability.”> Both mentioned properties of the cation
are crucial in terms of frontal polymerisation.

The mechanism of action of onium salts during ring-
opening cationic polymerisation is shown in Fig. 9. In the first
step, photolysis of the cationic photoinitiator (e.g., onium salt)
occurs, followed by the generation of Brensted super acid
through the reaction of the fragmentation product of the
photoinitiator molecule with photogenic components of the
composition. Generated super acid takes part in monomer

Internal stress

Liquid Sofia  Vensile
monomer  polymer
< a Compression
Liquid
monomer

S

M
®

)

C
1IN
®

Fig. 7 Obtaining 3D structures by FPP. Forces working on cured layers lead to material bending, where the degree of bend can be controlled by the

process’s conditions.
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molecules’ protonation (oxirane or oxetane molecules) to form
a secondary oxonium ion which is the active form of monomer
(cation). In the following steps, this secondary oxonium
species is attacked by a monomer molecule that creates a ter-
tiary oxonium ion active polymerisation centre. This centre is
attacked by monomer molecules that elongate the polymer
chain. Elongation occurs until all monomer molecules react,
or the termination reaction occurs as other nucleophile
species react with the active centre. The strength of photogene-
rated acid is crucial in terms of induction time and polymeris-
ation rate.”' Only non-nucleophilic super acid as hexafluoroan-
timonate or hexafluoroarsenate is strong enough. The protona-
tion of oxirane or oxetane moieties is nearly instantaneous in
their presence, but the following steps’ rate strongly depends
on the monomer structure.

In ring-opening cationic polymerisation, monomers are
equipped with oxirane and oxetane moieties. These groups
exhibit high ring tension, 18-24 kcal mol™" for oxirane and
19-20 keal mol™" for oxetanes, respectively.”>® This energy is
released during the polymerisation process (with ring-opening
phenomenon), leading to warm-up the polymerised samples.
It can be used to sustain the polymerisation process in a
frontal manner.

Photoactivated cationic ring-opening frontal polymerisation.
Crivello investigated cationic polymerization in his laboratory
and employed it in frontal polymerisation called photoacti—
vated cationic ring-opening frontal polymerisation.”® In this
kind of process, the monomer composition layer is initially

This journal is © The Royal Society of Chemistry 2021

irradiated with UV, but polymerisation only occurs after an
external heat source is used. Irradiation shorter than the
induction time of polymerisation is crucial, so not all mono-
mers exhibit such activity. What is more, the sample tempera-
ture should not be raised during irradiation to not initiate the
polymerisation. In this condition, the polymerisation is latent
because of the small number of active centres stabilised by
internal interactions additionally.”* To be overwhelmed, the
energy activation of the polymerisation process as an external
source of heat is essential. A local increase in temperature by
10-30 °C on the exposed surface leads to rapid polymerisation
of the observable front; the temperature can reach about
170 °C.%* After irradiation, only a little visible change occurs
concerning the appearance of the solution or its viscosity.

An overview of the process has been presented in Fig. 10. It
has been confirmed that pre-irradiation is necessary to form
active species of monomers. The masks’ experiments show
that the frontal polymerisation occurs only at the boundary of
the pre-irradiated surface and the rest of the monomer
remains unpolymerized (Fig. 10B). This is evidence that the
new active species are not formed during the thermal
reaction.”

Irradiation is necessary by itself, but an appropriate dose of
radiation is also required. The process was observed after
irradiation with doses of 2936 and 1468 mJ cm™2, but not with
a dose of 734 mJ cm™>.* The explanation for this observation
most likely lies in the number of active species generated
during irradiation. The lowest flux generates an insufficient

Polym. Chem., 2021,12, 4593-4612 | 4599
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number of them, and the exothermic heat generated during
polymerisation is not high enough to sustain the self-propel-
ling polymerisation process.

Another factor that must be met is the type of acid gener-
ated by the photodecomposition of the initiator. It was
observed that the photoactivated cationic frontal polymeris-
ation is independent of the structure of the cation.”®
the process is strongly dependent on the type and strength of
the photogenerated acid. In Fig. 11, the different acids and
super acids were presented in terms of their protonation
ability shown in and the logarithmic Hammett acidity scale.”*
Experiments have shown that super acids generated from
anions like PFs~ or BF,~ are too weak in terms of protonating
ability and reactivity of ion pairs formed in the first steps of
the polymerisation process, to support a self-sustaining frontal
polymerisation.”® The type of generated super acid must be
appropriate, but the initiator’s concentration must be high
enough to generate enough number of active species, leading
to a self-sustaining polymerisation process.’*>®”

The induction time of polymerisation is a factor that is
crucial for photoactivated cationic frontal polymerisation.
Longer induction time allows longer irradiation, ensuring that
all initiator molecules will be photodissociation.®® This para-
meter depends not only on the strength of the acid generated

However,

4600 | Polym. Chem., 2021, 12, 4593-4612

after photodissociation of the onium salt but also on the
monomer structure. Not all monomers with oxirane and
oxetane moieties exhibit a sufﬁciently long induction time for
photoactivation to be possible.*® A large group of monomers
were investigated, and their structures were depicted in Fig. 12.

Many factors can influence the induction time of monomer
polymerisation. They are all related to the stability of oxonium
ions produced during the first polymerisation steps.®?
Stabilisation mechanisms are different for different monomer
groups, and these stabilisation effects determine the energy
activation of the next steps in the polymerisation process.
Therefore, cationic polymerisation is strongly dependent on
the reaction temperature, contrary to radical polymerisation.®®

For alkyl oxiranes and cycloaliphatic ones (like cyclohexane
oxide, CHO) with high ring strain, there are no stabilisation
effects of oxonium ions, and they undergo rapid polymeris-
ation with no observable induction time because of low energy
activation of polymerisation. This type of monomer is not suit-
able for photoactivated frontal polymerisation. For the rest
types of monomers, secondary and tertiary oxonium ions can
be stabilised, so their ring-opening reaction is slow.** The
polymerisation process’s energy activation is too high to be
reached at room temperature, and an external heat source is
needed. This ensures an appropriate induction time in most,

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Acid strength comparison. Hg is the acid Hammett constant,
the lower value the stronger acid.>*

Efficiently ignite frontal polymerisation

but not in all cases. This was proved by raising the temperature
during irradiation, which led to shorter induction time and
high temperature, which led to the induction time
disappearing.”’

This journal is © The Royal Society of Chemistry 2021

Acid Ho For monomers like BGE or DOX bearing ether moiety near
H3PO,4 4.7 the oxirane or oxetane groups, the secondary oxonium ion can
HNO; 6,3 be stabilised through a hydrogen bond structure depicted in
H2504 12,0 Fig. 13. This hydrogen bond formation is possible because
HCIO, 3.0 both oxygen atoms exhibit similar low basicity. Additional
. energy is essential to overcome the activation barrier of tertiary
CISO:H 13,8 oxonium ion formation to start the rapid polymerisation
CF3CF2SOH 14,0 process. Monomers that bear more than two glycidyl ether
- CF3SO:H 14,1 groups like HDDGE are even more stabilised because of more

o H2504S03 14,5 oxygen atoms with similar basicity.'*%'%!
g FSO:H -15,0 - On the other hand, especially for oxiranes with an ether
’q—, HBF, 16,6 8 S moiety near to the aryl ring (like glycidyl ethers, PGE), this
g. HTaFs 189 ~§ g hydrogen bond formation is prevented by the resonance inter-
73] HPF, 2025 @ =3 action between ether oxygen and aryl ring reducing the basicity
o of this oxygen.®® For this type of monomer, there is no induc-
HAsFe ~-20-25 = g tion time. The polymerisation process is sluggish but not

HB(CsFs) ~-30 S 2 latent.

HSbFs ~-30 @ The special group of monomers are 3,3-disubstituted oxe-

tanes like DMO. Although Kato and Sasaki suggest that in this
case, the secondary oxonium ion is most stable like previous
cases,’ Bulut et al. proved experimentally that another effect
occurs for this type of monomers.'®> They do not have ether
oxygen, so hydrogen bond stabilisation is impossible, and the
secondary oxonium ion is unstable. However, the tertiary
oxonium ions of this type of monomers exhibit above-average
stability. They have a relatively high activation barrier of chain
elongation. Therefore, the surface remains latent for hours
after irradiation, but polymerisation becomes rapid when the

Polym. Chem., 2021,12, 4593-4612 | 4601
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composition’s temperature is raised by 10-30 °C. This rapid
polymerisation is caused by the negative enthalpy of monomer
protonation and monomer nucleophilic attack on secondary
oxonium ions, which are fast processes generating a signifi-
cant amount of heat.'®® Described properties, especially in the
case of POX, DOX, and XDO, are greatly inconvenient in
average industrial application but perfect in terms of photoac-
tivated cationic frontal polymerisation.'® The induction time
of these monomers can be really long because of two stabilis-
ation effect occurs in their cases (Fig. 14).'°>'%°

Photoactivated cationic frontal polymerisation is an inter-
esting but not energy efficient process. Prior activation leads to
savings in thermal energy. However, irradiation of all polymer-

4602 | Polym. Chem., 2021, 12, 4593-4612

ised surfaces leads to a waste of irradiation energy. Ideal
frontal polymerisation defined by Pojman should be spon-
taneous after a local application of energy.' Parallel to the
investigation described above, a new cationic frontal photopo-
lymerisation technique was invented.'”” Dual-cure systems of
photo-and thermal cationic initiators were employed to obtain
a stable front of polymerisation. Furthermore, the cationic
radical hybrid system based on radical-induced cationic poly-
merisation was strongly investigated.

Dual-cure Systems. More energy-efficient frontal polymeris-
ation process should be able to self-sustain after local appli-
cation of energy, especially light in the case of this
review.">'%® This approach seems to be ideal for curing

This journal is © The Royal Society of Chemistry 2021
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opaque and thick samples.' To obtain these conditions, the

hybrid systems of photo and thermal initiators were investi-
gated. After short irradiation of the point of a sample’s
surface, the photoinitiator decomposes with the release of
super acid that initiates the polymerisation process in these
systems. Ring-opening reaction releases heat which warms up
the sample and leads to thermal decomposition of the thermal
initiator. If the conditions were set properly, the stable warm
front is observable, guaranteeing a full curing in depth. In
such approach, the problem with sample penetration of light
is overcome because only a small surface area is irradiated, but
all the volume of the sample is polymerised.""
based on pyrylium and
developed.'!

The systems

salts sulfonium salts

were
Recently, much research has been done utilising pyrylium

salts as cationic photoinitiators."** This type of compounds
exhibits relevant absorption in the visible range, making them

Pyrylium salt system

useful in LED irradiation applications. However, they can also
be used as thermal cationic photoinitiators due to their low
thermal stability."">"** In the described system, pyrylium salts
act as both photo and thermal initiators. Lecompere et a.l
investigated 2,4,6-triphenylpyrylium tetrafluoroborate (TPP")
as efficient cationic frontal polymerisation photo/thermal
initiator"'" (Fig. 15).

TPP' was used to cure CADE and OXT-101 monomers.
However, to obtain a stable polymerising front under 395nm
LED irradiation, two co-initiators were used. They were used to
raise the released heat of the front.'™ Similar effects were
obtained for 1 wt% of hydrogen peroxide and 3 wt% isobutyl-
vinylether. The latter was efficient, especially when used with
an oxetane monomer.

Another interesting phenomenon observed in the TPP+
initiating system was the decrease of the energy required to
support the front in depth and raise its velocity. It is con-

Sulfonium salts system

Photoinitiator

PP

Thermal initiators

1,0
\o)Lo SbF,”

PDAS-1 PDAS-2 PDAS-3

Fig. 15 Structures of photo and thermal initiators used in both described dual-cure frontal polymerisation systems.

This journal is © The Royal Society of Chemistry 2021
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sidered a great advantage when the formulation contains
fillers."'' However, the pyrylium salt is chemically unstable,
leading to relatively poor pot-life.'” Therefore, a need arose
for a better solution.

Gachet et al. proposed a photo/thermal initiating system
based on sulfonium salts.'®® Triarylsulfonium salts were
described above as one of the more efficient types of onium
salts (Fig 15), but they do not exhibit any particular thermal
activity, making them thermally stable. On the other hand, the
exchange of one or two aryl rings with benzyl or alkyl substitu-
ents lowers this stability, which makes these salts efficient
thermal initiators of epoxy monomers."*>""” However, these
modifications blue-shift sulfonium salts absorption spectra
and make them photochemically inactive.' 8

Therefore, a combination of triarylsulfonium hexafuoroanti-
monate (TAS) with aliphatic modified sulfonium salts
(depicted in Fig. 15) provides an efficient initiating system of
epoxy resin cationic frontal photopolymerisation where the
photoactive one initiates the polymerisation process on the
surface of the sample and generates the heat necessary to
decomposed thermally active one and curing the sample
throughout its depth.'®®

In the system proposed by Gachet et al., 1 wt% of TAS was
sufficient to generate a front of 250 °C. At this concentration of
TAS, three PDAS were tested with CADE monomer. As a result,
only PDAS-1 and PDAS-2 exhibit a stable front and allow the
desired depth curing. The best of both initiators was PDAS-1,
which generates a stable front even at a concentration of
0.3 wt%.

The described system was found to be very efficient,
especially in photopolymerise thick and opaque carbon fibre
reinforced polymers. However, it has some drawbacks. One of
them is severely decreasing the temperature jump in resins
with a high concentration of fillers.'*® Another is utilising a
thermally stable photoinitiator in full sample volume, despite
being used only on the sample surface to initiate a front.

Radical induced cationic frontal polymerisation. Another
energy-efficient system is based on radical-induced cationic
polymerisation (RICP).'*°**? In this system, dissociation of
iodonium salt occurs in the presence of radicals generated by
radical photo or thermal initiators instead of irradiation. It is
possible because of iodonium salts’ oxidising properties,
which are high enough to oxidise the free radical to
carbocations.'®®'** Compared to iodonium photoinitiators,
triarylsulfonium salts are too weak oxidising agents to oxidise
free radicals and do not sustain the process described
above.'”* What is more, sulfonium salts generate nucleophilic
by-products such as diaryl sulphide, which retards the cationic
ring-opening polymerisations of epoxides and oxetanes.'>>'°
Therefore, cationic photoinitiators are limited to only iodo-
nium salts.

It was proposed to utilise the RICP process in a frontal poly-
merisation manner.'”” In this approach, iodonium salt is com-
bined with a thermal radical initiator. In the first step of this
process, the iodonium salt dissociates after irradiation gener-
ating super acid, protonating the monomer molecules leading

4604 | Polym. Chem., 2021,12, 4593-4612
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to ring-opening reaction and starts polymerisation. This
process can release heat which warms up the sample causing
the decomposition of the radical thermal initiator. Radicals
generated in this process easily undergo oxidation to carbo-
cation by iodonium salts, what causes the decomposition of
iodonium salts and the release of another molecule of super
acid. Especially carbon-centred radicals undergo this process
efficiently," and in some cases, carbocations generated in
this way can promote ring-opening cationic polymerisation.
This mechanism allows the front to form and sustain until all
samples are cured and called Radical Induced Cationic Frontal
Polymerisation (RICFP, Fig. 16).

The photo-induced RICFP process was utilised to cure
epoxide monomers by Mariani et al. in 2004 for the first
time.'”” In this work, a combination of dibenzyl peroxide
(BPO, thermal initiator) and iodonium salt (photoinitiator)
were used to cure samples containing CADE monomer. They
obtained a large number of initiating cationic species in the
whole sample in the non-photochemical process, after point
exposure of the sample to the irradiation. Simultaneously, they
proved that both thermal and photoinitiator are simul-
taneously necessary to create a self-sustaining front. Formed
carbocations were able to induce cationic polymerisation of
the thicker layers of the sample.

In 2015, Bomze et al. extended this method to cure bisphe-
nol A diglycidyl ether (BADGE) with iodonium salt and 1,1,2,2-
tetraphenylethanediol (TPED),"*® which is known as C-C labile
compound.'*® They tested different peroxides and azobis(iso-
butyronitrile) (AIBN) as thermal initiators, but only the carbon-
centred radicals generated by compounds like TPED were
efficiently oxidised to carbocations that sustain frontal poly-
merisation of BADGE. This system was further investigated
and proved to be efficient in preparing composite materials to
successfully cure BADGE with even 20% of mica powder."*’
RICFP approach overcomes the common disadvantages of
thermal and photoinitiation of thick samples containing
heterogeneous fillers. Local application of irradiance is
sufficient to ignite the frontal polymerisation process that
eliminates the problem with light penetration of the sample.
In contrast, the heat generated during polymerisation sustains
a stable front that eliminates the problem with heating of all
volumes of sample.

However, a filler can change the conditions of RICFP that
was investigated with silica filler by Klikovits et al. in the same
system as proposed by Bomze et al."*° SiO, nanoparticles are
thermally low conductive that can influence the sustainability
of the propagating front. It was proved that a stable front was
formed at 1-3% phr (parts per hundred resin) of silica filler.
At higher values, such as 4% and 5%, it was only possible at
intense irradiation because of strong light scattering caused by
filler particles. The samples with a higher concentration of
fillers need to be irradiated with higher intensity. Ignition of
frontal polymerisation strongly depends on the irradiation
system. This investigation also proved that the front is
formed when the molecules of thermal initiators start to
decompose.

This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Scheme of radical-induced cationic frontal polymerisation process.

Nevertheless, in recent years, the composites with fillers
such as zinc oxide and carbon fibres,"*! multiwalled carbon
nanotubes,'®” glass fibres,"** glass microspheres and graphite
powder*® were successfully prepared using the RCIFP
method. This self-sustaining frontal polymerisation system
was also successfully used in prepreg technology'** and inter-
penetrating phase composites."*> The convenience and versati-
lity of this method will undoubtedly result in more appli-
cations in the future.

The system proposed by Bomze et al. was further developed
by Knaack et al.'*' They used tetrakis(perfluoro-tert-butyloxy)
aluminate anions instead of the hexafluoroantimonate anion
used in the original system. Iodonium salt with this anion is
more reactive and can generate a front of polymerisation with
higher stability. Due to the BADGE monomer’s high viscosity,
the use of oxetane monomer (3-ethyloxetan-3-yl)methanol
(EOM) was also investigated. It strongly raised the reactivity of
the formulation and facilitated the formation of a stable front.
There were 1,3-bis(2,3-epoxypropoxy)-2,2-dimethylpropane
(NPDGE), 3,4-epoxycyclohexanecarboxylate (CADE), 1,6-hexane-
diol diglycidylether (HDDGE) also tested as diluents but found
to be less reactive. They increase the front velocity only
slightly."??

Photo-induced RICFP was also compared with “classically”
thermally induced RICFP."*° This investigation revealed that
the phototriggered propagation is twice as fast as the thermally
induced one with a comparable maximal reaction temperature
and heat conductivity. Additionally, materials obtained with

This journal is © The Royal Society of Chemistry 2021

thermally-induced RICFP exhibit high microstructural hetero-
geneity, which confirmed the photo-induced process’s
predominance.

RICFP was also investigated in photoactivated cationic
frontal polymerisation with oxetane monomer. Bulut et al.
used 2,2-dimethoxy-2-phenyl-acetophenone (DMPA) - radical
photoinitiator - instead of thermal one.'®®> Iodonium salts
easily oxidise carbon-centred radicals produced during photo-
decomposition of DMPA into carbocations which can attack
oxetane oxygen leading to tertiary oxonium ions. This reaction
is strongly exothermic and produces heat which can help the
active a self-sustaining front. Additionally, this type of oxetane
oxonium ion is much more reactive than the one for neat
oxetane, leading to a shorter induction time and a more stable
front. Another advantage of this system is the absorption spec-
trum of the radical photoinitiator. DMPA absorb efficiently
above 300 nm, where iodonium salts remain photoinactive.®*
Using DMPA sensitises the sample to a longer wavelength
range. In this system, molecules of iodonium salt are decom-
posed in a non-photochemical reaction.

In 2007, Crivello utilised this system in interpenetrating
polymer network preparation.'®” In this approach mixture of
two monomers, cationic and radical, was irradiated in the
presence of cationic and radical photoinitiators. Radicals gen-
erated during the decomposition of both types of photoinitia-
tors made a polyacrylate scaffold. Simultaneously, the ring-
opening polymerisation of oxirane or oxetanes was suppressed
by the surface of an efficient heat sink on which the sample

Polym. Chem., 2021,12, 4593-4612 | 4605
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Fig. 17 Scheme of photoinitiation of FROMP process in Grubb's catalyst/phoshite system.

was placed. After local application of heat, the cationic poly-
merisation of the unpolymerized phase was ignited, and an
interpenetrating polymer network was made in a frontal
manner. It was essential to avoid the densely crosslinked poly-
acrylate film, which prevents a stable front.

Other photoinitiating systems

Besides the systems described above based on radical and cat-
ionic photoinitiators, there are many other photo triggering
frontal polymerisations systems. The most useful and promis-
ing ones are shortly reviewed below.

Photo-triggered redox frontal polymerisation.
Photochemical induction of frontal polymerisation can be
used in redox polymerisation, for example, in an amine/BPO
system."*® In this approach, during irradiation the photoamine
generator releases superbase like DBU,"*® which in the next
step reacts with BPO leading to its reductive decomposition
and releasing of radicals that initiate proper polymerisation.
Amine is generated in an irradiated location and then diffuses
into the unirradiated regions of the sample, reacting with BPO
and initiating polymerisation in these regions. This low-temp-
erature frontal polymerisation was proved to be efficient for
acrylate polymerisation and composites filled with carbon
nanotubes. This frontal polymerisation approach can find
applications in thermally sensitive materials preparation, such
as dentistry.*

Frontal ring-opening metathesis polymerisation. Ring-
opening metathesis polymerisation is a widely used in thermo-
set polymers and composite materials preparation. In this
system, monomers like dicyclopentadiene (DCPD) undergo

4606 | Polym. Chem., 2021,12, 4593-4612

polymerisation in the presence of Grubb’s catalyst. This is a
very reactive system that makes it difficult to control and
shorten its pot life to less than 30 minutes.'*>'*' However, the
use of alkyl phosphates can inhibit this reactivity enough to
substantially extend the room-temperature liquid processing

window to 30 hours.**?

This discovery allows using this system
to polymerise DCPD in a frontal manner called frontal ring-
opening metathesis polymerisation (FROMP)."** The first
stage of the process needs an external source of energy (e.g.,
heat) to dissociate the phosphine ligand from Grubb’s catalyst
what actives it. Then activated Grubb’s catalyst catalysed the
metathesis reaction leading to polymerisation of monomers
like DCPD. Polymerisation releases heat which raises the
sample’s temperature leading to the activation of more mole-
cules of catalyst. This enables a stable front to emerge.
Phosphite inhibitor stabilised this system, preventing spon-
taneous polymerisation at room temperature and makes it
necessary to use additional energy to start the reaction.'*?

Use of an appropriate ruthenium catalyst, for example,
second-generation Grubb’s catalyst, enables photo-igniting the
start of the reaction by photodissociation of the phosphine
ligand (Fig. 17)."** This leads to phototriggered FROMP, where
the process starts after irradiation of a sample part and then a
stable thermal front initiates the polymerisation process in
whole sample volume thermally."*> This system can be
extended to carbon nanoparticles, including carbon black,
multiwall carbon nanotubes, and vapour-grown carbon nano-
fibers leading to composite materials.**® This additive enables
using a broader irradiation spectrum and photothermally
initiation of the reaction.

This journal is © The Royal Society of Chemistry 2021
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Conclusion

Frontal photopolymerisation and photo-triggered thermal
frontal polymerisation every year find growing interest. This is
because of their great advantages in comparison with standard
polymerising systems. Frontal photopolymerisation with con-
tinuous radiation flux makes it possible to obtain objects with
different three-dimensional shapes based on acrylate
monomer shrinkage. These shapes are difficult to obtain in
that scale in other methods. On the other hand, photo-trig-
gered thermal frontal polymerisation is greatly energy-saving.
After local light application, it allows curing thick and opaque
samples where both standard thermal and photopolymerisa-
tion are problematic. It makes this approach environmentally
friendly. However, both techniques meet some limitations.
Samples of any volume cannot be cured with continuous radi-
ation flux because of the penetration limit, also, the high
temperature of the front limits its application, for example,
prevents the use of this method in dentistry. Nevertheless,
using frontal photopolymerisation and phototriggered frontal
polymerisation, it is possible to obtain a wide range of
materials, including composites.

This review attempts to summarise previous achievements
mainly in the fields of radical and cationic frontal photopolymeri-
sation, but some other kinds of polymerisation were mentioned.
Presented systems are early developed and need to be optimised.
However, even at this stage of development, they are very promis-
ing because of their convenience and versatility. New solutions in
this topic appear every year, and each year we observe a growing
number of new papers and reports of progress. This creates a
bright future for frontal photopolymerization.
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